In human post-natal somatic cells, low global levels of DNA methylation have been associated with the hypomethylation of several repetitive elements, a feature that has been proposed to be a surrogate epigenetic marker. These data, mainly derived from the analysis of cancer cells, suggest a potential association between loss of cellgrowth control and altered differentiation with hypomethylation of repetitive sequences. Partial hydatidiform moles (PHMs) can be used as an alternative model for investigating this association in a non-tumorigenic context. This gestational disease is characterized by abnormal overgrowth and differentiation of the placenta and spontaneous abortion. Here, we comprehensively analyse the DNA methylation of these trophoblastic tissues in both PHM and normal placenta at global and sequencespecific levels. Analysis of the global 5-methylcytosine content and immunohistochemistry indicate that PHM and normal placenta have identical global levels of DNA methylation. In contrast, bisulfite genomic sequencing shows that, whereas Alu, NBL2 and satellite 2 repetitive elements are equally methylated, LINE-1 sequences are hypermethylated in PHM tissues (B2-fold relative to normal placenta). Interestingly, altered demethylation is also found in triploid diandric embryos that originate from dispermic fertilization of an oocyte, a common event responsible for most PHMs. In conclusion, alterations of DNA methylation do not seem to be randomly distributed in PHM, as several repeated elements remain unaltered, whereas LINE-1 sequences are hypermethylated. In addition, our findings suggest that the hypomethylation of repetitive elements in cancer is directly linked to the neoplasic process and not a simple consequence of loss of growth control observed in most of the cancer cells.
In human post-natal somatic cells, low global levels of DNA methylation have been associated with the hypomethylation of several repetitive elements, a feature that has been proposed to be a surrogate epigenetic marker. These data, mainly derived from the analysis of cancer cells, suggest a potential association between loss of cellgrowth control and altered differentiation with hypomethylation of repetitive sequences. Partial hydatidiform moles (PHMs) can be used as an alternative model for investigating this association in a non-tumorigenic context. This gestational disease is characterized by abnormal overgrowth and differentiation of the placenta and spontaneous abortion. Here, we comprehensively analyse the DNA methylation of these trophoblastic tissues in both PHM and normal placenta at global and sequencespecific levels. Analysis of the global 5-methylcytosine content and immunohistochemistry indicate that PHM and normal placenta have identical global levels of DNA methylation. In contrast, bisulfite genomic sequencing shows that, whereas Alu, NBL2 and satellite 2 repetitive elements are equally methylated, LINE-1 sequences are hypermethylated in PHM tissues (B2-fold relative to normal placenta). Interestingly, altered demethylation is also found in triploid diandric embryos that originate from dispermic fertilization of an oocyte, a common event responsible for most PHMs. In conclusion, alterations of DNA methylation do not seem to be randomly distributed in PHM, as several repeated elements remain unaltered, whereas LINE-1 sequences are hypermethylated. In addition, our findings suggest that the hypomethylation of repetitive elements in cancer is directly linked to the neoplasic process and not a simple consequence of loss of growth control observed in most of the cancer cells. Keywords: DNA methylation; repetitive elements; human; partial hydatidiform mole (PHM); triploid diandric embryos; 5-methylcytosine antibody In somatic cells, DNA methylation patterns are stably inherited through mitosis. However, variations in the amount and distribution of methylated cytidines have been described in somatic cells during differentiation and aging (Issa, 2004) and a direct link between aberrant DNA methylation patterns and tumorigenic processes has been established (Ehrlich, 2002; Baylin, 2005) .
Specifically, aberrant hypermethylation of the cytosine -phosphate-guanosine (CpG) islands at the 5 0 end of tumor-suppressor genes, leading to transcriptional repression, has been described in different types of cancers (Esteller, 2005) . On the other hand, tumorigenesis is also associated with a global reduction of 5-methylcytosine content (Ehrlich, 2002) . This reduction can be attributed to repetitive sequences, which make up about 45% of the human genome (Rollins et al., 2006) and are frequently hypomethylated in tumors. Low levels of DNA methylation have been found in the Alu (Weisenberger et al., 2005) and LINE-1 (Ehrlich, 2002) elements dispersed throughout the genome in cancer cells. In addition, satellite 2 (Sat2) sequences, predominantly localized in the juxtacentromeric heterochromatin of certain human chromosomes (Jeanpierre, 1994) , and Sata, the major component of human centromeres (Lee et al., 1997) , are also hypomethylated in cancer (Ehrlich, 2002) . Furthermore, quantitative analyses have suggested that the DNA methylation level of LINE-1, Alu and Sat2 repetitive sequences can be used as a surrogate marker for global methylation changes in cancer cells (Yang et al., 2004; Weisenberger et al., 2005) . However, the finding that NBL2, a tandem 1.4-kb DNA repeat found in acrocentric chromosomes, can become either hypermethylated or hypomethylated in human cancers (Nishiyama et al., 2005) , suggests that alterations of DNA methylation may be non-randomly distributed.
Alterations of the DNA methylation levels of repetitive elements are not restricted to cancer cells. Hypomethylation of Sata Sat2 and LINE-1 elements has also been detected in benign breast and colon tumors (Chalitchagorn et al., 2004; Jackson et al., 2004; Widschwendter et al., 2004) . It should be noted that a base composition analysis of DNA extracted from colonic tissues indicates significant hypomethylation of colonic adenomas (Feinberg et al., 1988) , and that a relationship has been suggested between the extent of demethylation in hyperplastic polyps and the proliferative rate of adenomas (Bariol et al., 2003) .
In humans, variation of rates of DNA methylation between normal tissues has also been described. The lowest level found is in placenta, where 3.2% of the cytosines are methylated, and the highest level (4.26%) is found in brain (Tsien et al., 2002) . As expected, LINE-1, Sata and Sat2 repeated sequences contain small amounts of methylated CpG in placenta compared to post-natal tissues (Gama-Sosa et al., 1983b; Tsien et al., 2002) . However, base composition analysis indicates that Alu sequences are not hypomethylated in placenta and exhibit the same 5-methylcytosine content as brain Alu sequences (Gama-Sosa et al., 1983b) .
Current data therefore suggest that global DNA hypomethylation is associated with cell proliferation and/or differentiation and with the methylation status of the repeated sequences LINE-1, Sat2 and Alu. The analysis of partial hydatidiform mole (PHM) tissues offers an excellent means of investigating this phenomenon further. PHM is a lethal fetal condition characterized by an abnormal overgrowth of trophoblastic tissues and abnormal differentiation, including large hydropic villi, enlarged villi with central captivation and trophoblast hyperplasia (Genest, 2001) . Although diandric triploid choriocarcinomas can develop from partial moles only rarely (1/1000 cases), PHM tissues themselves share several characteristics with cancer cells, such as loss of growth control and alteration of differentiation.
PHM and normal placenta tissues exhibit identical global methylation levels. In the first instance, we performed an analysis of the global 5-methylcytosine content of DNA extracted from PHM by highperformance capillary electrophoresis (Fraga and Esteller, 2002) . We found that 3.3% (3.2770.17) of the cytosines were methylated in these tissues, which is virtually identical to values obtained in normal placenta (3.2270.08). In addition, these values are similar to the percentage of 5-methylcytosine determined by highperformance liquid chromatography in placenta (3.2%) and chorionic villi (3.1%) (Gama-Sosa et al., 1983a; Tsien et al., 2002) . Moreover, identical levels of DNA methylation between molar tissues and placenta have been also observed at some single-copy sequences (Hjelle et al., 1982) .
Global DNA methylation was also examined in fixed sections of PHM tissue and placenta using an antibody directed against 5-methylcytosine (Ghabreau et al., 2004) . Results indicated a relatively homogeneous level of DNA methylation among PHM sections (Figure 1a c) with an intensity similar to that obtained in normal placenta (Figure 1b and c compared to Figure 1d ).
Taken together, these data indicate that the abnormal overgrowth of trophoblastic tissues and the abnormal differentiation observed in PHM is not associated with global methylation changes.
LINE-1 elements are hypermethylated in partial hydatidiform molar tissue. Despite the absence of global differences in DNA methylation between PHMs and normal placenta, the existence of sequence-specific alterations cannot be discounted. The DNA methylation pattern of repetitive elements is often altered in proliferative tissues, and so we decided to investigate the methylation status of the following repetitive sequences: 5 0 end of LINE-1 repeats, AluY, NBL2 and Sat2 repeats (Figure 2 ). Repeats were amplified from three PHM and two normal placenta samples, after bisulfite conversion of DNA extracted from either tissues. Representative experiments are shown in Figure  2c , f, i and l.
The mean 5-methylcytosine contents of repeated elements were compared by Student's t-test, using the number of CpGs per clone and the type of sample instead of the percentage of methylated CpG, as TpG sites can have different origins (unmethylated CpG or C-T transition). It should be noted that the frequency of thymidine-phosphate-adenosine (TpA) at CpG consensus sites was not significantly different between samples, suggesting that the frequency of polymorphisms does not significantly differ between cloned polymerase chain reaction (PCR) fragments from the different samples analysed. Taken together, these findings indicate that our method is effective for comparing the levels of DNA methylation of repeated elements in different samples.
The results indicated that AluY sequence methylation from PHM tissues was not statistically different from that in placenta (P ¼ 0.08). There were no significant differences between NBL2 sequences (P ¼ 0.184) or between Sat2 elements (P ¼ 0.248) in PHM and placenta. These data are consistent with the results obtained by analysing 5-methycytosine content and from immunohistological labeling. They indicate that PHM DNA is not hypomethylated relative to that of normal placenta.
However, the 5 0 -LINE-1 contained about twice as many CpGs in clones from PHM as in placenta, a difference that was highly significant (P ¼ 0.0004). Enzymatic digestion of PCR fragments confirmed the hypermethylation of LINE-1 sequences in PHM relative to normal placenta (data not shown), and also indicated heterogeneous patterns of DNA methylation. This implies that these elements are hypermethylated in PHM tissues compared to placenta. It has been suggested that the deregulation of gene expression could be caused not only by the activation of LINE-1 elements, but also through the alteration of chromatin structure in inactive LINE-1 elements that allows transcriptional interference by neighboring enhancers or silencers (Hoffmann and Schulz, 2005) . In addition, as the other three repeats analysed, AluY, NBL2 and Sat2, seem to be methylated to a similar extent in PHM and in placenta, these data also suggest that LINE-1 elements are specifically hypermethylated in PHM tissues.
Active demethylation is altered in human triploid diandric zygotes. Most PHMs originate from dispermic fertilization (Zaragoza et al., 2000) . In humans and other mammals the paternal pronucleus is actively demethylated at zygote formation (Young and Beaujean, 2004; Morgan et al., 2005) . Experimental alterations of the zygote epigenome have provided a link between epigenetic marks and further zygote (Tavassoli and Devilee, 2003) . Immunohistochemistry using anti 5-methylcytosine antibodies was carried out as described previously (Ghabreau et al., 2004) . Specific hypermethylation of LINE-1 elements D Perrin et al development (Morgan et al., 2005) . Therefore, abnormal reprogramming at the stage of triploid zygote formation might be associated with these DNA methylation changes. To address this question, global DNA methylation was determined by immunostaining in human triploid diandric zygotes. Human triploid diandric zygotes were selected 16 h after fertilization from samples from an in vitro Specific hypermethylation of LINE-1 elements D Perrin et al fertilization program. The dispermic origin of the triploid zygotes was determined by visual inspection for the presence of the two polar bodies. Interphase pronuclei were immunostained using an antibody directed against 5-methylcytidine. In human triploid zygotes, the three pronuclei exhibited 5-methylcytidine labeling, but a slight asymmetry was observed (10 zygotes analysed, representative experiments are shown in Figure 3a) . In addition, all three pronuclei exhibited the same labeling intensity when embryos were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to identify the nuclear compartment (Figure 3a) , suggesting reduced demethylating activity in the human triploid diandric embryos. Diploid zygotes, immunostained by the same method, were used as a control. As expected, asymmetric labeling was observed in the diploid samples with almost complete disappearance of the staining at one pronucleus (Figure 3b ). In conditions that mimic immunolabeling procedures, we further evaluated the specificity of the antibodies using chromatin immunoprecipitation assay in HeLa cells, as the low quantity of oocytes or zygotes available precluded such analysis in these cells. Chromatin precipitated with anti-5-MeCyt antibody showed a clear enrichment of Alu and LINE-1 sequences (see Supplementary data, Supplementary Figure 4S ). In addition, an enrichment of the methylated BRCA1 CpG island was also observed, whereas BRCA1 exon 1, which is not methylated, was not specifically precipitated (Supplementary Figure 4S) . Taken together, these data suggest that active demethylation occurs to a limited extent in human triploid diandric embryos.
In order to confirm this absence of massive demethylation in human triploid embryos, we determined the methylation status of repeated sequences (5 0 end of LINE-1 repeats and AluY repeats; Supplementary Figure 5S ) and single-copy sequences (p53 exon 4 and a segment of BRCA1 exon 11; Supplementary Figure  6S ). Data obtained indicate that active demethylation of AluY and LINE-1 repeats does not occur in human triploid diandric zygotes. A small percentage of demethylated CpG was observed in both BRCA1 (16%) and p53 (14%) coding sequences, suggesting that the absence of massive demethylation is not specific to repeated elements in triploid diandric zygotes.
On fertilization, active demethylation is coupled with extensive reorganization of the histone modification patterns (Morgan et al., 2005) ; therefore, we investigated this issue in human triploid embryos. All three pronuclei showed abundant staining with anti-acetylated histones H4 and H3, anti-dimethyl-histone H3 (Lys4) and antitri-methyl-histone H3 (Lys9) (Supplementary Figure  7S) , indicating that pronuclei were well decondensed at this stage and both types of histone modifications (acetylation and methylation) are thus shown to take place in these triploid zygotes.
Collectively, these observations suggest that some fertilization steps, including active demethylation, have not been completed in dispermic human zygotes. In addition, hypermethylation at mismatch-repair genes and PTEN promoter has been detected in PHM (Chen et al., 2005) , using a methylation-sensitive restriction enzyme. Moreover, alterations of maternal imprints have been found in biparental complete hydatidiform moles (Judson et al., 2002) . These findings are consistent with (although not proof of) the hypothesis that alterations of demethylation processes in early embryogenesis increase the risk of inadequate maintenance of the DNA methylation patterns of LINE-1 elements.
The methylation patterns of repeated elements do not seem to be associated with the distribution of the repeated elements, as the interspersed LINE-1 elements were hypermethylated in PHM relative to normal placenta, whereas the interspersed AluY sequences, the Figure 3 DNA methylation in human triploid diandric embryos. Human triploid zygotes obtained 16 h after in vitro fertilization were staged, and supernumerary human diploid zygotes obtained after in vitro fertilization, which were considered unsuitable for transfer and could not be frozen, were collected with the corresponding consent, and selected samples were purified by enzymatic digestion as described previously (Magdinier et al., 2002) .The research program was approved by the Commission Nationale de Me´decine et Biologie de la Reproduction (Ministe`re de l'Emploi et de la Solidarite´). Antibodies against 5-methylcytosine were revealed with appropriate secondary antibodies (red stain), whereas nuclear compartments were counterstained with DAPI (blue stain). Bars represent 5 mm. PN, pronucleus; PB, polar body. (a) Anti-5-methylcytosine staining of parental genomes in human triploid diandric embryo, containing three pronuclei. (b) Anti-5-methylcytosine staining of parental genomes in human diploid zygote, containing two pronuclei.
Specific hypermethylation of LINE-1 elements D Perrin et al juxtacentromeric Sat2 elements and the NBL2 repeats, which are predominantly found in the vicinity of the centromeres of acrocentric chromosomes, were equally methylated in both tissues.
In conclusion, alterations of DNA methylation do not seem to be randomly distributed, as in PHMs, several repeated elements remain unaltered, whereas LINE-1 sequences are hypermethylated. In addition, this study strongly suggests that the hypomethylation of LINE-1 sequences observed in most of the cancers cells is directly linked to the neoplasic process and not the simple consequence of loss of growth control.
